Introduction
============

Dietary therapy is essential for the integrated management of type 2 diabetes (T2DM). Meal tolerance tests have proven that blood glucose and serum insulin concentrations are largely dependent on carbohydrate intake[@b1-dmso-11-053],[@b2-dmso-11-053] and that postprandial glucose levels have a dose (gram)-dependent relationship with carbohydrate intake.[@b3-dmso-11-053] In contrast, dietary protein and fat have little effect on the concentrations.[@b4-dmso-11-053] On the basis of these findings, low-carbohydrate diets have been developed in the past decade.[@b5-dmso-11-053],[@b6-dmso-11-053] A large number of short-term interventional studies and meta-analyses of these diets have demonstrated that low-carbohydrate diets have beneficial effects on glycemic control in T2DM, achieve greater reductions in anti-diabetic medication, more weight loss, and greater improvement in serum lipid profiles compared with low-fat diets.[@b7-dmso-11-053]--[@b10-dmso-11-053] Although some researchers have claimed that there was no significant difference in glycemic control between low-carbohydrate diets and low-fat diets,[@b11-dmso-11-053],[@b12-dmso-11-053] their findings came from studies comparing the 2 diets under the condition of a comparatively low energy intake not exceeding 1500 kcal.

We also have shown that moderate low-carbohydrate diets achieved greater improvement in glycemic control, serum lipid profiles, and visceral fat, with reductions in anti-diabetic medication in Japanese patients with T2DM.[@b13-dmso-11-053]--[@b16-dmso-11-053] Unfortunately, most of the interventional studies with low- carbohydrate diets for patients with T2DM have been conducted in Western countries; such studies have hardly been conducted in East Asian countries. The carbohydrate and fat intakes in East Asian populations are quite different from those in Western populations: higher carbohydrate and lower fat in the former versus lower carbohydrate and higher fat percentages in the latter.[@b17-dmso-11-053],[@b18-dmso-11-053] The dominant carbohydrate sources are rice and noodles in East Asian populations, whereas the major source of carbohydrate is bread in Western populations. Therefore, the findings of studies in Western populations may not be applicable to East Asian populations. Therefore, original studies from East Asia are required.

Whatever diet (low-carbohydrate or low-fat) we give to patients with T2DM, it is important to know the impact of total carbohydrate intake and its sources on hemoglobin A1c (HbA1c) at baseline. In this regard, several previous observational studies, including East Asian patients with T2DM failed to demonstrate a positive correlation of carbohydrate intake with HbA1c levels,[@b19-dmso-11-053]--[@b24-dmso-11-053] which is inconsistent with many interventional studies. This is probably because 50%--100% of the subjects in the observational studies were taking anti-diabetic medication (oral hypoglycemic agents \[OHAs\] and/or insulin) and the studies used energy percent of carbohydrate (% carbohydrate) as an indicator of carbohydrate intake. In our previous interventional study among Japanese patients with T2DM, carbohydrate intake (absolute value, g/day) positively correlated with HbA1c levels at baseline whereas % carbohydrate did not. This study, however, had the limitations that 30% of the patients were taking anti-diabetic medication and we did not determine whether the correlation differed by sex.

Regarding management of carbohydrate intake in patients with T2DM, little has been reported on what types of carbohydrate sources have an impact on higher HbA1c levels in both observational and interventional studies. It is, therefore, important to clarify associations of carbohydrate sources with HbA1c to efficiently lower HbA1c levels.

Based on this background, we designed an observational study to: 1) elucidate precise associations of carbohydrate intake (g/day) and % carbohydrate with HbA1c in T2DM patients not taking any anti-diabetic medication; 2) clarify if the associations differ by sex; and 3) identify carbohydrate sources associated with higher HbA1c levels.

Patients and methods
====================

Patients
--------

We recruited all new Japanese outpatients with T2DM and HbA1c levels of 6.5% or above at Haimoto Clinic from March 2010 to June 2015. Both newly and previously diagnosed patients were enrolled. All patients met the American Diabetes Association criteria for T2DM.[@b25-dmso-11-053] We measured fasting plasma glucose and HbA1c in all patients and the 75 g oral glucose tolerance test (OGTT) was conducted within a few weeks whenever possible. Exclusion criteria included: patients taking any type of OHA or insulin within 3 months that impacted their HbA1c levels. We also excluded patients who were following strict carbohydrate restriction based on commercial diet therapies such as the Atkins diet.

Of the 347 eligible patients, we excluded those who were on OHA or insulin (n=105). Seven patients did not agree to take part in this study. Also excluded were patients who reported inaccurate dietary information (n=3) and those who were already following a strict low-carbohydrate diet (n=3). Thus, the final number of outpatients with T2DM who were eligible for the present study was 229.

All participants gave written informed consent and the study protocol was approved by the Ethics Committee of the Nagoya Tokushukai General Hospital.

Dietary records and clinical assessment
---------------------------------------

Macronutrient intakes were assessed at baseline based on 3-day dietary records. Patients were requested to record dietary intake on 3 non-consecutive days: 2 weekdays and a holiday. The dietary records were obtained within 2 weeks from the first visit to Haimoto Clinic and we measured blood HbA1c during the period. As patients were not instructed to make any dietary changes during that time, we considered that the dietary records sufficiently corresponded to HbA1c levels. Supplementary information was obtained in an interview with a dietitian. Dietary intakes were computed from the dietary records using the Healthy Maker Pro 501 software (Mushroomsoft, Okayama, Japan).

We measured the body mass index of each patient. Venous blood samples were obtained after an overnight (12 hours) fast for the determination of HbA1c, fasting plasma glucose, fasting serum insulin and serum low-density lipoprotein (LDL)-cholesterol, high-density lipoprotein (HDL)-cholesterol, and triglycerides. We also recorded the doses of lipid-lowering or anti-hypertensive drugs taken by the patients.

Excluding 16 patients who did not consent, 203 eligible patients underwent the OGTT for assessment of insulin secretory capacity. We instructed patients to arrive at Haimoto Clinic after fasting for at least 10 hours, drew blood samples from them at 30 minutes, 1 hour, and 2 hours after glucose loading, and measured plasma glucose and serum insulin levels. We used the insulinogenic index, an indicator of early insulin secretion, which is calculated as Δserum insulin level at 30 minutes (μIU/mL)/Δplasma glucose level at 30 minutes (mg/dL).[@b26-dmso-11-053] Area under the curve (AUC) for total insulin secretory capacity was calculated geometrically using the trapezoidal rule. The homeostasis model assessment of insulin resistance parameter was computed as follows: (\[fasting plasma glucose {mg/dL}\] × \[fasting serum insulin {μIU/mL}\])/405.[@b27-dmso-11-053]

Sources of carbohydrate from various foods
------------------------------------------

Foods rich in carbohydrate content were divided into 2 groups: staple and non-staple foods. Staple foods were determined to be rice (rice and rice cakes), noodles made from wheat or buckwheat (udon, soba, ramen, fried noodles, and pasta), and bread. Non-staple foods were divided into the following groups: fruits, soft drinks, alcoholic beverages, and other non-staple foods. Fruits included mikan (mandarin oranges), oranges, grapefruits, apples, pears, peaches, persimmons, grapes, melons, watermelons, bananas, and pineapples. Soft drinks included beverages containing sugar, glucose, fructose, and milk. Alcoholic beverages included brewed liquors (sake, beer, and wine), but did not include distilled liquors because they contain little carbohydrate. Other non-staple foods included sugar, confectionery, potatoes (sweet potato, taro, and yam), selected vegetables, and other foods made from wheat, rice, and potatoes (okonomiyaki, dim sum, potato chips, etc). Selected vegetables included carrots, Indian lotus, pumpkin, tomatoes, and burdock. The carbohydrate content of each food was also calculated with Healthy Maker Pro 501.

Laboratory methods
------------------

The HbA1c levels were measured by high-performance liquid chromatography (Arkley Co., Kyoto, Japan) and presented as National Glycohemoglobin Standardization Program values (%).[@b28-dmso-11-053] Plasma glucose concentrations were determined using enzymatic methods (Shino-Test Co., Kanagawa, Japan).

Serum insulin levels were measured using the standard double antibody radioimmunoassay method (Fujirebio Inc., Tokyo, Japan). Enzymatic methods were used to measure serum triglyceride concentrations (Daiichi Pure Chemicals Co., Tokyo, Japan). Direct methods were used to assay serum LDL-cholesterol and HDL-cholesterol levels (Daiichi Pure Chemicals Co.).

Statistical analysis
--------------------

We analyzed men and women separately because the amount of dietary macronutrient intakes were quite different between them.

Increasing or decreasing trends in patients' baseline characteristics with increasing total carbohydrate intake were tested by linear regression models with a score of 1, 2, and 3 given to tertiles 1--3 (Q1, Q2, and Q3) when stratified by tertile of carbohydrate intake, respectively. We summarized age, body mass index, duration of diabetes, blood chemistry tests (HbA1c, fasting plasma glucose, fasting serum insulin, serum lipid profiles, insulinogenic index, and AUC-insulin from OGTT), nutritional variables (total carbohydrate intake and its sources, total energy intake, and other macronutrient intakes), and proportions of subjects taking lipid-lowering and anti-hypertensive drugs for each of the 3 tertiles of carbohydrate intake.

We used the Mann--Whitney test to statistically test the difference in macronutrient intakes between men and women.

We designated Spearman's correlation coefficients (*r*~s~) as the primary indicators of associations. The coefficients were computed to evaluate associations of total energy intake, total carbohydrate intake (g/day) and its sources, and % carbohydrate and percent energy from other macronutrients with HbA1c. The coefficients for total carbohydrate intake and % carbohydrate, the main indicators in our study, and for carbohydrate from foods that were significantly correlated with HbA1c, were also evaluated by substituting the non-fiber carbohydrate intake for them.

Multiple linear regression analyses were performed to examine associations of total carbohydrate intake and its sources, % carbohydrate, and other macronutrients with HbA1c, with adjustment for total energy intake and age. We also used models substituting energy intake, excluding energy from alcohol for total energy intake. In addition, we repeated the analyses with carbohydrate, excluding fiber for total carbohydrate and % carbohydrate and for carbohydrate from foods that were significantly correlated with HbA1c.

*P*-values \<0.05 were considered statistically significant. Data were shown as means ± SD. All statistical analyses were performed using SPSS, version 15.0 (SPSS, Inc., Chicago, IL, USA).

Results
=======

Baseline clinical and nutritional characteristics in men by tertile of total carbohydrate intake (g/day)
--------------------------------------------------------------------------------------------------------

[Table 1](#t1-dmso-11-053){ref-type="table"} shows baseline clinical characteristics of male patients (n=125) and 3 patient groups (Q1, Q2, and Q3) when stratified by tertile of total carbohydrate intake (g/day). The mean HbA1c level was 8.2%±1.9% (range: 6.5%--15.4%). We observed significant increasing trends in body mass index, HbA1c levels, and serum triglycerides, and decreasing trends in age, duration of diabetes, and serum HDL-cholesterol levels with increasing total carbohydrate intake. We found no variation in other clinical measures.

Baseline nutritional characteristics are also presented in [Table 1](#t1-dmso-11-053){ref-type="table"}. The mean total energy and total carbohydrate intake were 2.105±567 kcal and 272.0±84.6 g/day (% carbohydrate: 52.2%±9.5%), respectively. The carbohydrate intake ranged from 139.9 to 611.6 g/day. Increasing trend in total energy intake, % carbohydrate, protein intake (g/day), fat intake (g/day), carbohydrate from staple foods, rice, non-staple foods, soft drinks and other non-staple foods, % carbohydrate from staple foods and non-staple foods, and dietary fiber was evident with increase of total carbohydrate intake. A decreasing trend was observed for % protein.

Baseline clinical and nutritional characteristics in women by tertile of daily carbohydrate intake
--------------------------------------------------------------------------------------------------

[Table 2](#t2-dmso-11-053){ref-type="table"} summarizes baseline clinical characteristics of female patients (n=104) and 3 patient groups (Q1, Q2, and Q3) when stratified by tertile of total carbohydrate intake (g/day). The mean HbA1c level was 7.6%±1.3% (range: 6.5%--12.3%). We found no variation in HbA1c or other clinical measures, except that insulinogenic index showed a significant decreasing trend with increase in total carbohydrate intake.

Baseline nutritional characteristics are also shown in [Table 2](#t2-dmso-11-053){ref-type="table"}. The mean total energy and total carbohydrate intake were 1.705±371 kcal and 226.7±61.5 g/day (% carbohydrate: 53.4%±7.5%), respectively. The carbohydrate intake ranged from 117.1 to 513.1 g/day. We observed a significant increasing trend in total energy intake, % carbohydrate, protein intake, carbohydrate from staple foods, rice, non-staple foods, soft drinks and other non-staple foods, % carbohydrate from staple foods and non-staple foods, and dietary fiber across the 3 groups. A decreasing trend was evident for % protein and % fat.

Difference in macronutrient intakes between men and women
---------------------------------------------------------

Total energy intake (*P*\<0.001), carbohydrate intake (g/day) (*P*\<0.001), protein intake (g/day) (*P*=0.001), and fat intake (g/day) (*P*=0.004) were significantly greater in men than in women, while % protein (*P*\<0.001) and % fat (*P*=0.016) were lower in men than in women. There was no significant difference between the sexes only for % carbohydrate.

Correlations of total carbohydrate and its sources, and other macronutrients with HbA1c levels in men
-----------------------------------------------------------------------------------------------------

Correlations of carbohydrate and other macronutrients with HbA1c levels in men are shown in [Table 3](#t3-dmso-11-053){ref-type="table"}. Total carbohydrate intake (*r*~s~=0.368) ([Figure 1A](#f1-dmso-11-053){ref-type="fig"}) and total energy intake (*r*~s~=0.384) were positively correlated with HbA1c, whereas % carbohydrate was not (*r*~s~=0.063) ([Figure 1B](#f1-dmso-11-053){ref-type="fig"}). The % fat and % protein were not significantly associated with HbA1c, but absolute protein and fat intakes (g/day) were positively and weakly correlated. Excluding fiber from total carbohydrate hardly changed the results for total carbohydrate (*r*~s~=0.362, *P*\<0.001) and % carbohydrate (*r*~s~=0.065, *P*=0.473).

As for sources of carbohydrate intake, we found a positive, but weak correlation of carbohydrate from staple foods (*r*~s~=0.187) ([Figure 1C](#f1-dmso-11-053){ref-type="fig"}) and noodles (*r*~s~=0.231) ([Figure 1D](#f1-dmso-11-053){ref-type="fig"}) with HbA1c, but no significant correlation of rice ([Figure 1E](#f1-dmso-11-053){ref-type="fig"}) or bread. Carbohydrate from non-staple foods (*r*~s~=0.386), especially soft drinks (*r*~s~=0.325) ([Figure 1F](#f1-dmso-11-053){ref-type="fig"}), was positively and moderately correlated with HbA1c. When we excluded fiber for carbohydrate from noodles and soft drinks, the correlations remained significant (carbohydrate from noodles: *r*~s~=0.229, *P*=0.01; carbohydrate from soft drinks: *r*~s~=0.332, *P*\<0.001). When carbohydrate from soft drinks was excluded, the positive correlation of carbohydrate from non-staple foods with HbA1c disappeared ([Table 3](#t3-dmso-11-053){ref-type="table"}). No significant correlation was detected for fruits, brewed alcohol, other non-staple foods, or dietary fiber.

In multiple regression analysis with adjustment for total energy, the correlation of total carbohydrate and % carbohydrate with HbA1c remained significant in men ([Table 3](#t3-dmso-11-053){ref-type="table"}). The significance remained materially the same for carbohydrate from soft drinks and % carbohydrate from non-staple foods, but the correlations of carbohydrate from staple foods and noodles disappeared after the adjustment. When we excluded fiber from carbohydrate, the results did not materially change: total carbohydrate (crude: β=0.11, *P*\<0.001; energy-adjusted: β=0.10, *P*\<0.001), % carbohydrate (crude: β=0.039, *P*=0.022; energy-adjusted: β=0.053, *P*=0.001), carbohydrate from noodles (crude: β=0.09, *P*=0.061; energy-adjusted: β=0.04, *P*=0.412), and carbohydrate from soft drinks (crude: β=0.30, *P*\<0.001; energy-adjusted: β=0.27, *P*\<0.001). With adjustment for total energy and age, apart from correlations of carbohydrate from bread (β=0.14, *P*=0.047) and fruits (β=0.27, *P*=0.012) with HbA1c, the results were similar (data not shown), although the correlations for these 2 carbohydrate sources were not significant according to Spearman's correlation coefficients.

Furthermore, the findings did not materially change when total energy intake was replaced by energy intake, excluding energy from alcohol in the multiple regression analysis (data not shown).

Correlations of total carbohydrate and its sources, and other macronutrients with HbA1c in women
------------------------------------------------------------------------------------------------

In contrast to men, only 4 nutritional variables showed significant positive correlations with HbA1c in women ([Table 4](#t4-dmso-11-053){ref-type="table"}; [Figure 2](#f2-dmso-11-053){ref-type="fig"}). We found positive and weak correlations of total carbohydrate intake (*r*~s~=0.251) ([Figure 2A](#f2-dmso-11-053){ref-type="fig"}) and total energy (*r*~s~=0.282), but no correlation of % carbohydrate ([Figure 2B](#f2-dmso-11-053){ref-type="fig"}). Carbohydrate from staple foods was positively, but weakly correlated (*r*~s~=0.266) ([Figure 2C](#f2-dmso-11-053){ref-type="fig"}) and that from rice was positively and moderately correlated (*r*~s~=0.317) ([Figure 2D](#f2-dmso-11-053){ref-type="fig"}). We did not find any correlations for carbohydrate from soft drinks ([Figure 2E](#f2-dmso-11-053){ref-type="fig"}) and fruits ([Figure 2F](#f2-dmso-11-053){ref-type="fig"}), or other nutritional variables. The data of 2 outliers were excluded from the analysis of carbohydrate from fruits. Again, excluding fiber from carbohydrate did not alter the findings for total carbohydrate (*r*~s~=0.261, *P*=0.007), % carbohydrate (*r*~s~=0.110, *P*=0.268), and carbohydrate from rice (*r*~s~=0.317, *P*=0.001).

In contrast to men, the statistical significance of the correlations of total carbohydrate intake, and carbohydrate from staple foods and rice disappeared after adjustment for total energy in the multiple regression analysis ([Table 4](#t4-dmso-11-053){ref-type="table"}). When we excluded fiber from carbohydrate, the results did not substantially change for total carbohydrate (crude: β=0.05, *P*=0.034; energy-adjusted: β=−0.01, *P*=0.969), % carbohydrate (crude: β=0.012, *P*=0.497; energy-adjusted: β=0.009, *P*=0.592), and carbohydrate from rice (crude: β=0.08, *P*=0.009; energy-adjusted: β=0.05, *P*=0.129). The results were similar with adjustment for total energy and age, or with replacement of total energy with total energy, excluding energy from alcohol in the multiple regression model (data not shown).

Discussion
==========

The current study with 3-day dietary records for assessment of carbohydrate intake among T2DM patients not taking anti-diabetic medication showed that: 1) carbohydrate intake (g/day) was positively correlated with HbA1c, but % carbohydrate was not in both men and women; 2) carbohydrate from noodles and soft drinks, but not from rice, was associated with HbA1c in men, while carbohydrate from rice was associated with HbA1c in women.

The main findings of the current study are consistent with our previous interventional studies[@b2-dmso-11-053],[@b13-dmso-11-053]--[@b15-dmso-11-053] as well as many other interventional studies on low-carbohydrate diets.[@b7-dmso-11-053]--[@b10-dmso-11-053],[@b29-dmso-11-053] Four previous observational studies from East Asian countries, however, demonstrated no association of carbohydrate intake or % carbohydrate with HbA1c.[@b20-dmso-11-053]--[@b22-dmso-11-053],[@b24-dmso-11-053] Another 2 observational studies from the USA and Iran demonstrated inverse correlations of carbohydrate intake or % carbohydrate.[@b23-dmso-11-053],[@b24-dmso-11-053] So, why should such a discrepancy exist? In the other studies, 55%--100% of the patients were on OHA and/or insulin compared with 30% of the patients in our previous study[@b14-dmso-11-053] and none in the current study. Taking anti-diabetic medication leads to underestimation of HbA1c. Another possible explanation is that the food frequency questionnaire (FFQ) or 24-hour recall used in all the previous studies was a less valid means of estimating amounts of carbohydrate intake compared with the dietary records in the current study, although FFQ may be suitable for assessing micronutrients.[@b30-dmso-11-053],[@b31-dmso-11-053]

It is still being debated whether absolute carbohydrate intake (g/day) or % carbohydrate is a more valid and practical parameter for dietary management in patients with T2DM, particularly for low-carbohydrate diets.[@b5-dmso-11-053],[@b6-dmso-11-053] The current study demonstrated that carbohydrate intake was positively correlated with HbA1c, but % carbohydrate was not, in both men and women. Although the association of total carbohydrate with HbA1c may be partly explained by energy intake, the correlation remained significant in men, after adjustment for total energy and age in the multiple regression analysis. In the clinical setting, patients need instructions with specific details like "150 g rice" or "a bowl of rice" (containing about 55 g carbohydrate) and "2 eggs," rather than 50% energy from carbohydrate (50% carbohydrate) or 20% energy from fat (20% fat), when they follow any type of diet, regardless of whether it is a low-carbohydrate or a low-fat diet. If we use % carbohydrate or % fat in instructions to patients, they need to calculate both total energy and macronutrient intakes, which is complicated and impractical for most patients. For these reasons, we believe that, for making patients understand instructions better, carbohydrate intake (g/day) is more appropriate than % carbohydrate.

Little is known about which of the various carbohydrate-rich foods influence HbA1c levels. Two staple foods, rice and noodles, are the most common sources of carbohydrate in East Asia, including Japan. Large-scale, long-term cohort studies have demonstrated the impact of rice in Japan,[@b32-dmso-11-053] and that of rice and noodles in China on the incidence of T2DM.[@b33-dmso-11-053] We have already shown that moderate carbohydrate restriction, mainly of carbohydrate from rice and noodles, led to a remarkable decrease in HbA1c levels in Japanese patients with T2DM.[@b13-dmso-11-053]--[@b15-dmso-11-053] As rice was still the major source of carbohydrate in the current study, we expected it to have a greater impact on HbA1c; so, it was surprising to see that there was no correlation of rice with HbA1c in men.

Let us consider some possible reasons for this unexpected finding; first is the sex difference. Rice was the leading source of carbohydrate intake in the current study, accounting for \~40% of total carbohydrate intake (men: 42%, women: 39%). We found that, comparing the sexes, men had a higher mean carbohydrate intake (113.2 g/day), but less variation (SD=58.6 g/day) while women had a lower mean carbohydrate intake (89.4 g/day) and greater variation (SD=45.4 g/day). Less variation could possibly have led to the absence of a correlation in men and the reverse in women. Second, short-term interventional studies designed to test a low-carbohydrate versus a low-fat diet have often imposed stricter carbohydrate or energy restrictions on patients, which, as a result, has led to a great discrepancy between interventional and observational studies among free-living patients with T2DM like the current study. Third, almost all interventional studies have not paid attention to sex difference.[@b9-dmso-11-053],[@b10-dmso-11-053],[@b12-dmso-11-053] By focusing on the sex difference in the future, such studies could clarify the precise impact of carbohydrate intake from rice and noodles on HbA1c in East Asian populations.

A lot of observational studies and meta-analyses demonstrated that higher consumption of soft drinks is associated with the development of T2DM.[@b34-dmso-11-053],[@b35-dmso-11-053] Also, moderate consumption of soft drinks significantly increased mean 24-hour glucose concentrations in patients with T2DM assessed by continuous glucose monitoring.[@b36-dmso-11-053] With excess consumption of soft drinks over several months, glycemic control rapidly deteriorates, resulting in the so-called soft drink ketoacidosis.[@b37-dmso-11-053] To our knowledge, however, there have been few reports of a direct association of carbohydrate intake from soft drinks with HbA1c in free-living patients with T2DM. In the current study, mean carbohydrate intake from soft drinks was very small (19.1 g/day), about one-sixth of the carbohydrate from rice (113.2 g/day) in men, but it had the strongest impact on HbA1c. The association of soft drinks was stronger than that with rice or noodles, and significance remained after adjustment for energy in multiple regression analysis. In contrast, we found no correlation in women. This sex difference can be explained by the greater variation in carbohydrate intake from soft drinks (SD =35.6 g/day) in men. Specifically, in more than three-quarters of the male patients, there was no carbohydrate intake from soft drinks or only a small amount, and they had lower HbA1c levels, but the remaining one-quarter had a greater carbohydrate intake from soft drinks and higher HbA1c levels. In contrast, there was no association found in female patients, probably because of lower mean carbohydrate intake from soft drinks (8.4 g/day) and smaller variation in intake (SD =14.3 g/day).

In the regression analysis with adjustment for total energy, associations of some carbohydrate-rich foods remained significant, but those of others did not. Adjustment by total energy that has been applied in many studies may need to be reconsidered in order to evaluate the precise impact of carbohydrate intake and its sources on glycemic control or HbA1c. The definition of calorie is based on in vitro experiments and, therefore, should not be applied to in vivo situations such as the response from the human body; so, it is more relevant to consider how the human body responds to the digestion and absorption of calorie sources and how they are metabolized.[@b38-dmso-11-053]--[@b40-dmso-11-053] Regarding glycemic control, it is the intake of carbohydrate itself, not the energy from the carbohydrate, that increases postprandial glucose and stimulates insulin secretion. This is supported by the fact that fat or protein intake hardly increases postprandial blood glucose levels and insulin secretion at all.[@b1-dmso-11-053],[@b4-dmso-11-053] Thus, future studies aiming at a more detailed understanding of carbohydrate-rich foods that affect HbA1c level should consider factors such as sex, age, body weight, and social and economic conditions that directly influence daily absolute carbohydrate intake, as well as exercise, insulin secretory capacity, and insulin resistance that directly impact postprandial glucose levels and HbA1c, rather than total energy intake.

Some limitations in this study, however, should be kept in mind when interpreting the findings. First, a 3-day dietary record may be not enough to obtain precise information about carbohydrate intake from non-staple foods because non-staple foods are not consumed as frequently as staple foods. Longer duration dietary records would be necessary. Second, information related to exercise was not available. Third, the average level of % carbohydrate intake in our patients was somewhat lower than that in the general Japanese populations (men: 58%--61%, women: 56%--59%).[@b18-dmso-11-053] The patients may already have been taking care of carbohydrate intake before their first visit to our clinic and they might have under-reported consumption of carbohydrate-rich foods in the dietary records. However, a previous dietary survey in 1516 Japanese patients with T2DM (mean age: 58 years for men and 59 years for women) using an FFQ reported that the average % carbohydrate was 53% in men and 54% in women,[@b41-dmso-11-053] which are similar to the percentages in the current study.

Conclusion
==========

We demonstrated positive correlation of carbohydrate intake (g/day), but not % carbohydrate, with HbA1c in patients with T2DM who were not taking OHA or on insulin medication. Furthermore, we determined that carbohydrate sources have an impact on HbA1c: noodles and soft drinks in men and rice in women. Carbohydrate from soft drinks had the greatest impact on HbA1c in men, but not in women. Unexpectedly, carbohydrate from rice had no impact in men. The present findings allow us to reconsider the importance of carbohydrate sources and sex difference in the management of carbohydrate intake in patients with T2DM, and warrant interventional studies on moderate low-carbohydrate diets that focus on sources of carbohydrate in order to efficiently decrease HbA1c levels in patients with T2DM.
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![Correlations of carbohydrate intake and its sources with HbA1c in men.\
**Notes:** Closed circles indicate total carbohydrate intake (**A**) and open circles % carbohydrate (**B**). Closed triangles indicate carbohydrate from staple foods (**C**), open diamonds that from noodles (**D**), closed ovals indicate carbohydrate from rice (**E**), and closed diamonds that from soft drinks (**F**). Total carbohydrate intake (**A**) positively and moderately correlated with HbA1c levels, while there was no correlation for % carbohydrate (**B**). We also found a positive and moderate association of carbohydrate from soft drinks with HbA1c (**F**) and positive but weak association of carbohydrate from staple foods (**C**) and noodles (**D**), while there was no association of carbohydrate from rice (**E**).\
**Abbreviation:** HbA1c, hemoglobin A1c.](dmso-11-053Fig1){#f1-dmso-11-053}

![Correlations of carbohydrate intake and its sources with HbA1c in women.\
**Notes:** Closed circles indicate total carbohydrate intake (**A**) and open circles % carbohydrate (**B**). Closed triangles indicate carbohydrate from staple foods (**C**), closed ovals that from rice (**D**), closed diamonds indicate carbohydrate from soft drinks (**E**) and open ovals that from fruits (**F**). Total carbohydrate intake (**A**) was positively but weakly correlated with HbA1c levels, while there was no correlation for % carbohydrate (**B**). We also found a positive but weak correlation of carbohydrate from staple foods (**C**) and a positive and moderate correlation of that from rice (**D**) with HbA1c, but no correlation for carbohydrates from soft drinks (**E**) and fruits (**F**). The data for 2 outliers were excluded from the analysis for carbohydrate from fruits (arrows).\
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###### 

Baseline characteristics of male patients with type 2 diabetes by tertile of daily carbohydrate intake (g/day)

                                              Total (n=125)   Q1 (n=42)      Q2 (n=42)      Q3 (n=41)      *P*-value for trend
  ------------------------------------------- --------------- -------------- -------------- -------------- ---------------------
  Age                                         58 (12)         62 (11)        62 (10)        51 (12)        \<0.001
  Body mass index (kg/m^2^)                   25.8 (4.2)      24.8 (4.2)     25.5 (3.9)     27.0 (4.3)     0.016
  Duration of diabetes (months)               30 (5)          48 (73)        25 (58)        19 (41)        0.035
  Hemoglobin A1c (%)                          8.2 (1.9)       7.6 (1.1)      7.6 (1.4)      9.3 (2.3)      \<0.001
  Plasma glucose levels (mmol/L)              8.1 (2.5)       8.0 (1.8)      7.3 (1.7)      9.0 (3.4)      0.080
  Fasting insulin levels (pmol/L)             46.1 (30.4)     40.3 (33.8)    52.8 (30.1)    45.2 (25.8)    0.452
  HOMA-IR                                     2.69 (1.78)     2.36 (1.96)    2.95 (1.91)    2.77 (1.38)    0.285
  Insulinogenic index                         0.21 (0.21)     0.22 (0.21)    0.25 (0.20)    0.16 (0.20)    0.167
  AUC-insulin (pmol h/L)                      395 (274)       373 (302)      461 (235)      349 (278)      0.621
  LDL-cholesterol (mmol/L)                    3.4 (0.9)       3.3 (0.8)      3.4 (0.9)      3.6 (1.1)      0.157
  HDL-cholesterol (mmol/L)                    1.3 (0.3)       1.4 (0.3)      1.3 (0.3)      1.2 (0.3)      0.025
  Triglycerides (mmol/L)                      1.8 (2.5)       1.4 (0.6)      1.5 (0.6)      2.7 (4.1)      0.015
  Antihypertensive drugs (%)                  37              40             45             24             
  Lipid-lowering drugs (%)                    15              12             24             10             
  Total energy (kcal)                         2105 (567)      1672 (394)     2046 (363)     2610 (490)     \<0.001
  Total carbohydrate                          272.0 (84.6)    192.6 (27.5)   260.6 (16.9)   364.9 (74.5)   \<0.001
  \% Carbohydrate                             52.2 (9.5)      48.3 (11.3)    52.2 (7.7)     56.3 (7.7)     \<0.001
  Protein                                     75.5 (21.2)     64.6 (21.0)    75.1 (15.8)    87.1 (20.4)    \<0.001
  \% Protein                                  14.5 (2.4)      15.3 (3.0)     14.6 (1.4)     13.4 (2.1)     \<0.001
  Fat                                         61.7 (22.8)     52.1 (21.6)    61.2 (20.6)    72.2 (22.6)    \<0.001
  \% Fat                                      26.3 (6.6)      27.4 (7.9)     26.5 (5.9)     24.8 (5.6)     0.075
  Carbohydrate sources                                                                                     
  Carbohydrate from staple foods              169.2 (65.4)    119.1 (29.9)   165.2 (37.0)   224.5 (71.7)   \<0.001
   Carbohydrate from rice                     113.2 (58.6)    74.7 (35.4)    104.3 (43.4)   161.9 (59.1)   \<0.001
   Carbohydrate from noodles                  35.6 (34.1)     27.3 (23.9)    38.5 (33.9)    41.2 (41.7)    0.062
   Carbohydrate from bread                    20.3 (21.6)     17.1 (16.5)    22.4 (18.4)    21.4 (28.3)    0.364
  \% Carbohydrate from staple foods           32.6 (9.5)      30.0 (9.9)     33.2 (8.8)     34.7 (9.4)     0.023
  Carbohydrate from non-staple foods          72.4 (46.4)     46.3 (25.6)    64.0 (27.9)    108.5 (55.4)   \<0.001
   Carbohydrate from fruits                   11.0 (14.5)     7.2 (9.7)      13.6 (17.3)    12.2 (14.9)    0.110
   Carbohydrate from soft drinks              19.1 (35.6)     6.4 (12.8)     9.2 (11.3)     42.3 (52.9)    \<0.001
   Carbohydrate from brewed alcohol           5.2 (10.1)      4.4 (9.1)      5.6 (9.3)      5.6 (1.9)      0.558
   Carbohydrate from other non-staple foods   37.3 (29.1)     28.3 (18.3)    35.5 (23.0)    48.3 (39.1)    0.002
  \% Carbohydrate from non-staple foods       13.7 (7.3)      11.6 (7.1)     12.8 (6.0)     16.8 (7.9)     0.001
  Dietary fiber                               12.8 (4.4)      11.0 (4.0)     13.4 (4.2)     13.9 (4.4)     0.002

**Notes:** Increasing or decreasing trends in patients' characteristics with increasing carbohydrate intake were tested using linear regression models with a score of 1, 2, and 3 given to tertiles 1--3 (Q1--Q3) of carbohydrate intake. Data are shown as means with SD in parenthesis. Units of macronutrients and dietary fiber are g/day, except for % macronutrients, of which the units are %. HOMA-IR and insulinogenic index were calculated using conventional units (mg/dL and μIU/mL).

**Abbreviations:** AUC, area under the curve; HDL, high-density lipoprotein; HOMA-IR, homeostasis model of assessment of insulin resistance; LDL, low-density lipoprotein.

###### 

Baseline characteristics of female patients with type 2 diabetes by tertile of daily carbohydrate intake (g/day)

                                              Total (n=104)   Q1 (n=35)      Q2 (n=35)      Q3 (n=34)      *P*-value for trend
  ------------------------------------------- --------------- -------------- -------------- -------------- ---------------------
  Age                                         62 (10)         61 (11)        62 (9)         63 (10)        0.558
  Body mass index (kg/m^2^)                   24.8 (4.0)      25.0 (3.7)     24.7 (4.1)     24.6 (4.3)     0.660
  Duration of diabetes (months)               23 (5)          24 (58)        23 (46)        20 (33)        0.722
  Hemoglobin A1c (%)                          7.6 (1.3)       7.1 (0.6)      7.8 (1.6)      7.7 (1.3)      0.059
  Plasma glucose levels (mmol/L)              7.4 (2.2)       7.3 (1.6)      7.5 (2.4)      7.6 (2.5)      0.532
  Fasting insulin levels (pmol/L)             49.3 (35.0)     56.6 (34.3)    41.7 (36.9)    49.7(32.9)     0.405
  HOMA-IR                                     2.73 (1.95)     3.07 (1.91)    2.35 (2.06)    2.77 (1.85)    0.518
  Insulinogenic index                         0.22 (0.20)     0.31 (0.22)    0.19 (0.21)    0.17 (0.13)    0.022
  AUC-insulin (pmol h/L)                      522 (380)       642 (388)      461 (443)      478 (266)      0.194
  LDL-cholesterol (mmol/L)                    3.5 (0.8)       3.3 (0.8)      3.6 (0.9)      3.5 (0.8)      0.349
  HDL-cholesterol (mmol/L)                    1.5 (0.4)       1.4 (0.3)      1.6 (0.4)      1.5 (0.4)      0.165
  Triglycerides (mmol/L)                      1.5 (0.9)       1.7 (1.1)      1.3 (0.6)      1.5 (1.1)      0.562
  Antihypertensive drugs (%)                  47              46             34             62             
  Lipid-lowering drugs (%)                    32              31             32             32             
  Total energy (kcal)                         1705 (371)      1434 (296)     1670 (225)     2020 (324)     \<0.001
  Total carbohydrate                          226.7 (61.5)    166.7 (23.7)   221.9 (17.4)   293.5 (49.9)   \<0.001
  \% Carbohydrate                             53.4 (7.5)      48.0 (6.8)     53.8 (6.6)     58.4 (5.0)     \<0.001
  Protein                                     66.2 (14.0)     60.8 (13.9)    65.9 (13.4)    72.2 (12.7)    0.001
  \% Protein                                  15.7 (2.3)      17.0 (2.2)     15.7 (1.7)     14.4 (2.1)     \<0.001
  Fat                                         54.3 (18.5)     53.3 (20.2)    52.7 (18.6)    57.0 (16.7)    0.413
  \% Fat                                      28.6 (6.9)      32.7 (6.6)     27.8 (6.8)     25.2 (5.0)     \<0.001
  Carbohydrate sources                                                                                     
  Carbohydrate from staple foods              131.8 (45.8)    93.8 (22.7)    128.1 (27.8)   174.8 (41.9)   \<0.001
   Carbohydrate from rice                     89.4 (45.4)     53.7 (22.8)    93.1 (32.9)    122.3 (47.8)   \<0.001
   Carbohydrate from noodles                  20.6 (18.9)     18.4 (16.6)    19.1 (14.8)    24.4 (24.1)    0.191
   Carbohydrate from bread                    21.9 (17.3)     21.8 (11.8)    15.9 (15.2)    28.2 (21.8)    0.130
  \% Carbohydrate from staple foods           31.0 (8.3)      26.7 (6.7)     31.3 (8.3)     35.0 (8.1)     \<0.001
  Carbohydrate from non-staple foods          63.9 (37.6)     43.6 (19.5)    62.6 (28.1)    86.3 (47.5)    \<0.001
   Carbohydrate from fruits                   13.6 (15.2)     9.9 (9.9)      15.2 (17.4)    15.8 (16.8)    0.106
   Carbohydrate from soft drinks              8.4 (14.3)      5.1 (5.3)      4.9 (6.9)      15.2 (22.2)    0.003
   Carbohydrate from brewed alcohol           1.4 (4.6)       1.0 (2.5)      1.4 (4.1)      1.8 (6.5)      0.487
   Carbohydrate from other non-staple foods   40.6 (28.0)     27.5 (16.7)    41.1 (19.5)    53.5 (37.7)    \<0.001
  \% Carbohydrate from non-staple foods       14.7 (6.8)      12.4 (5. 5)    14.9 (6.4)     16.8 (7.9)     0.007
  Dietary fiber                               13.0 (4.2)      11.1 (3.0)     12.8 (3.6)     15.3 (4.9)     \<0.001

**Notes:** Increasing or decreasing trends in patients' characteristics with increasing carbohydrate intake were tested using linear regression models with a score of 1, 2, and 3 given to tertiles 1--3 (Q1--Q3) of carbohydrate intake. Data are shown as means with SD in parenthesis. Units of macronutrients and dietary fiber are g/day, except for % macronutrients, of which units are %. HOMA-IR and insulinogenic index were calculated using conventional units (mg/dL and μIU/mL).

**Abbreviations:** AUC, area under the curve; HDL, high-density lipoprotein; HOMA-IR, homeostasis model of assessment of insulin resistance; LDL, low-density lipoprotein.

###### 

Associations of intakes of carbohydrate and its sources and other macronutrients (g/day) with HbA1c in men: Spearman's correlation coefficients and regression coefficients (n=125)

  Macronutrients and carbohydrate sources                    Spearman's correlation coefficients   Regression model                                               
  ---------------------------------------------------------- ------------------------------------- ------------------ -------- ------- --------- -------- ------- ---------
  Total energy (kcal)                                        0.384                                 \<0.001            0.012    0.003   \<0.001                    
  Total carbohydrate                                         0.368                                 \<0.001            0.10     0.02    \<0.001   0.10     0.03    \<0.001
  \% Carbohydrate                                            0.063                                 0.488              0.036    0.017   0.039     0.054    0.016   0.001
  Protein                                                    0.249                                 0.005              0.023    0.008   0.004     −0.011   0.013   0.388
  \% Protein                                                 −0.154                                0.086              −0.110   0.068   0.112     −0.059   0.065   0.365
  Fat                                                        0.192                                 0.005              0.011    0.007   0.122     −0.023   0.010   0.021
  \% Fat                                                     −0.095                                0.290              −0.038   0.025   0.129     −0.046   0.023   0.048
  Carbohydrate from staple foods                             0.187                                 0.037              0.07     0.02    0.003     0.02     0.03    0.501
   Carbohydrate from rice                                    0.067                                 0.455              0.04     0.03    0.173     −0.02    0.03    0.591
   Carbohydrate from noodles                                 0.231                                 0.009              0.09     0.05    0.060     0.04     0.05    0.409
   Carbohydrate from bread                                   0.039                                 0.663              0.16     0.08    0.037     0.13     0.07    0.081
  \% Carbohydrate from staple foods                          −0.113                                0.208              −0.006   0.017   0.744     0.007    0.017   0.671
  Carbohydrate from non-staple foods                         0.386                                 \<0.001            0.20     0.03    \<0.001   0.17     0.04    \<0.001
  Carbohydrate from non-staple foods excluding soft drinks   0.105                                 0.245              0.05     0.05    0.377     −0.02    0.05    0.631
   Carbohydrate from fruits                                  −0.028                                0.754              0.15     0.11    0.202     0.13     0.11    0.210
   Carbohydrate from soft drinks                             0.325                                 \<0.001            0.30     0.04    \<0.001   0.27     0.04    \<0.001
   Carbohydrate from brewed alcohol                          −0.083                                0.360              0.07     0.17    0.674     −0.19    0.16    0.258
   Carbohydrate from other non-staple foods                  0.085                                 0.346              0.02     0.06    0.718     −0.05    0.06    0.409
  \% Carbohydrate from non-staple foods                      0.276                                 0.002              0.093    0.021   \<0.001   0.088    0.020   \<0.001
  Dietary fiber                                              0.149                                 0.098              0.053    0.038   0.167     0.001    0.038   0.970

**Notes:** Coefficients and their SEs are indicated per 10 g carbohydrate or 10 kcal total energy intake. Units of macronutrients and dietary fiber are g/day except for % macronutrients, of which units are %.

**Abbreviations:** HbA1c, hemoglobin A1c; SE, standard error.

###### 

Associations of intakes of carbohydrate and its sources and other macronutrients (g/day) with HbA1c in women: Spearman's correlation coefficients and regression coefficients (n=104)

  Macronutrients and carbohydrate sources                                Spearman's correlation coefficient   Regression model                                                
  ---------------------------------------------------------------------- ------------------------------------ ------------------ --------- ------- --------- -------- ------- -------
  Total energy (kcal)                                                    0.282                                0.004              0.009     0.003   0.009                      
  Total carbohydrate                                                     0.251                                0.010              0.04      0.02    \<0.001   −0.01    0.04    0.772
  \% Carbohydrate                                                        0.056                                0.574              0.005     0.018   0.778     0.003    0.017   0.842
  Protein                                                                0.138                                0.163              0.010     0.009   0.311     −0.021   0.014   0.138
  \% Protein                                                             −0.179                               0.069              −0.129    0.057   0.026     −0.089   0.060   0.142
  Fat                                                                    0.116                                0.240              0.016     0.007   0.027     0.006    0.009   0.519
  \% Fat                                                                 −0.034                               0.736              0.004     0.019   0.847     0.001    0.019   0.956
  Carbohydrate from staple foods                                         0.266                                0.006              0.06      0.03    0.039     0.02     0.03    0.506
   Carbohydrate from rice                                                0.317                                0.001              0.08      0.03    0.009     0.05     0.03    0.129
   Carbohydrate from noodles                                             −0.063                               0.523              −0.03     0.07    0.669     −0.07    0.07    0.336
   Carbohydrate from bread                                               −0.063                               0.524              −0.07     0.08    0.363     −0.07    0.07    0.343
  \% Carbohydrate from staple foods                                      0.108                                0.273              0.017     0.016   0.291     0.018    0.015   0.253
  Carbohydrate from non-staple foods                                     0.106                                0.282              0.04      0.03    0.316     −0.03    0.04    0.523
   Carbohydrate from non-staple foods excluding soft drinks              0.044                                0.654              0.02      0.04    0.673     −0.04    0.04    0.352
   Carbohydrate from fruits[a](#tfn8-dmso-11-053){ref-type="table-fn"}   −0.111                               0.266              −0.16     0.09    0.046     −0.21    0.08    0.038
   Carbohydrate from soft drinks                                         0.097                                0.326              0.15      0.09    0.102     0.06     0.10    0.522
   Carbohydrate from brewed alcohol                                      0.053                                0.592              −0.05     0.29    0.856     −0.19    0.28    0.516
   Carbohydrate from other non-staple foods                              0.088                                0.375              0.07      0.05    0.116     0.02     0.05    0.644
  \% Carbohydrate from non-staple foods                                  −0.002                               0.981              0.00001   0.019   1.00      −0.011   0.019   0.559
  Dietary fiber                                                          −0.004                               0.968              −0.033    0.031   0.285     −0.073   0.032   0.024

**Notes:** Coefficients and their SEs are indicated per 10 g carbohydrate or 10 kcal total energy intake. Units of macronutrients and dietary fiber are g/day except for % macronutrients whose units are %.

Data of 2 outliers were excluded from the analysis.

**Abbreviation:** HbA1c, hemoglobin A1c; SE, standard error.
